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Abstract. The dielectronic recombination rate coefficients of N v and Nevm ions have been measured at a heavy- 
ion storage ring. The investigated energy ranges covered all dielectronic recombination resonances attached to 
2s —> 2 p (An = 0) core excitations. The rate coefficients in a plasma are derived and parameterized by using a 
convenient fit formula. The experimentally derived rate coefficients are compared with theoretical data by Colgan 
et al. (2004, A&A, 417, 1183) and Nahar & Pradhan (1997, ApJ, 111, 339) as well as with the recommended rate 
coefficients by Mazzotta et al. (1998, A&A, 133, 403). The data of Colgan et al. and Nahar & Pradhan reproduce 
the experiment very well over the temperature ranges where N v and Nevm are expected to exist in photoionized 
as well as in collisionally ionized plasmas. In contrast, the recommendation of Mazzotta et al. agrees with the 
experimental rate coefficient only in the temperature range of collisional ionization. At lower temperatures it 
deviates from the measured rate coefficient by orders of magnitude. In addition the influence of external electric 
fields with field strengths up to 1300 V/cm on the dielectronic recombination rate coefficient has been investigated. 
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1. Introduction 

One important process that governs the charge state bal¬ 
ance in a plasma is dielectronic recombination (DR). 
Accordingly, DR rate coefficients form a basic ingre¬ 
dient in plasma modeling codes that are employed 
for the analysis of spectr a obtained from astrophysi- 
cal observations llFerlandl Eooif. In order to be able 
to infer a reliable description of the plasma proper¬ 
ties, such as element abundances and temperatures, from 
such calculations, accurate rate coefficients for the ba¬ 
sic atomic collision processes in a plasma are required. 
To date, most DR rate coefficients used for plasma mod¬ 
elling stem from theoretical calculations. A recent com¬ 
pilation of DR data for dynamic finite density plas¬ 
mas can be found in the Atomic Data and Analysis 
Structure Database (ADAS) which can be accessed un¬ 
der http://www-cfadc.phys.ornl.gov/data^and_codes 
llBadnell et al . 2003j). The resolution and precision of this 
data is tuned to spectral analysis and are sufficient for 
prediction of the DR contributions to individual spectral 
line emissivities. The calculation of DR rate coefficients is 
a challenging task since an infinite number of states is in¬ 
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volved in this process. Approximations and computational 
simplifications are applied in order to make DR calcula¬ 
tions tractable. Hence, experimental benchmarks are re¬ 
quired for testing and improving the theoretical methods. 
Here we present experimentally derived N V and Ne vm 
DR rate coefficients. 


In the storage ring measurements the ensembles of col¬ 
liding particles have a well defined average relative veloc¬ 
ity. As a consequence, high resolution is obtained in the 
whole range of accessible energies and hence, cross sections 
can be measured in great detail. In contrast to that, convo¬ 
lution of the measured data with the plasma temperature 
leads to broad smooth dependences of plasma rate coef¬ 
ficients a(T) where most details in the cross sections are 
washed out. Nevertheless, the details of the cross sections 
at low energies have a strong influence on the size of the 
plasma rate coefficient at low temperatures. It is difficult 
to predict such low lying DR resonances with sufficient ac¬ 
curacy by theore tical calculations . An e xample has been 
given recently bv ISchippers et all ( 2004 ) who studied DR 
of berylliumlike Mgix. This ion exhibits strong DR reso¬ 
nances at electron-ion collision energies below 100 meV. 
All theoretical calculations show good agreement with ex¬ 
periment at high temperatures, but show significant dis¬ 
crepancies at low temperatures. 













2 


S. Bohm et al .: N v and Nevm dielectronic recombination rate coefficients 


Low-energy DR of lithiumlike ions can be represented 
as 


e + A 9+ (1 s 2 2s) —> A (9 ^ + (ls 2 2pnl) 

( A < ' q ~ 1 ^ + (ls 2 2snl) + hv (type I) 

\ A(«- 1 )+(ls 2 2pn , r) + hv' (type II). ^ 

The 2s —> 2 p (An = 0) excitation energy is ss 10 eV for 
N 4+ and « 16 eV for Ne' + , respectively. DR resonances 
that are associated with higher excitations such as 2s —> 3 1 
(A n = 1) that occur at higher energies have not been 
measured. 

The DR rate coefficient is sensitive to the presence 
of electromagnetic fields. DR in the presence of external 
electro magnetic fields (DRF) was s t udied first theoreti¬ 
call y by Burgess fc Summer] dl969l) . Idacobs et all dl976l) 
and I.Tacobs fcTiavI j (1197911 . It was recognized that an 
external electric field mixes states with different orbital 
quantum numbers and thereby changes the autoioniza¬ 
tion rates that are relevant for the DR process. The re¬ 
sulting enhancement of the DR cross section h as been 
verified expe rimentally for the first time bv iMiiller et alJ 
i19861. 19871. DRF experiments providing evidence for 
the infl uence of additional magne tic fields as predicted 
bv iRobicheaux fe Pindzolal d 19971) were ca rried out by 
iBartsch et al.1 dl999l l2000t) and lBohm et al.l J200lh . 


The present paper is organized as follows. The exper¬ 
imental procedure is outlined in Sec. [2j In Sec. 0 the ex¬ 
perimental results are presented and compared with the¬ 
oretical results in Sec. 01 The influence of electromagnetic 
fields on the DR rate coefficient is discussed in Sec. 0 A 
summary is provided in Sec. |6] 


2. Experiment 


The N V and Ne vm DR experiments were carried out 
at the heavy-ion storage-ring CRYRING of the Manne 
Siegbahn Laboratory in Stockholm. The 14 N 4+ and 
20 Ne 7 + ions were produced in a cryogenic electron beam 
ion source (CRYSis), preaccelerated by a radio frequency 
quadrupole structure to about 300 keV/u, injected into 
the ring and accelerated to their final energy of a few 
MeV/u. The ion beam was cooled by interaction with a 
magnetically guide d colinear b eam o f cold electrons in an 
electron cooler dDanared et alJfjoQ Qi). During the recom¬ 
bination measurements the electron cooler was used as an 
electron target. The electron energy was varied by chang¬ 


ing the volta ge at the cooler ca thode in order to obtain a 
DR spectrum IZong et~ . (ll99Sl) . The experimental center 
of mass energy range of 0 < E < 11 eV for 14 N 4+ and 
0 < E < 20 eV for 20 Ne 7+ , respectively, covered all DR 
resonances due to 2s —> 2 p (An = 0) excitations. The re¬ 
combined ions were detected with 100% efficiency behind 
the first dipole magnet following the cooler. 

On their way to the detector the recombined ions had 
to pass strong magnetic fields. The largest field was that of 
the charge-state analyzing bending dipole magnet. These 
magnetic fields were perpendicular to the ions’ flight di¬ 
rection and caused motional electric fields (of the order of 


50 MV/m in the ring dipoles) orders of magnitude larger 
than any motional electric fields in the interaction region. 
Since a sizeable fraction of recombined ions was expected 
to be formed in highly excited and, hence, very fragile 
states, the survival probability of these states and the ef¬ 
ficiency of their detection need particular consideration. 
Recombined ions that reached a zone of large motional 
electric fields while being in sufficiently highly excited 
ls 2 2pnl states were field ionized and therefore not de¬ 
tected. This effect can be clearly seen in Fig.^where the 
experimental N V spectrum is compared with two differ¬ 
ent calculations, one including basically all Rydberg states 
that contribute to the DR cross section and one where the 
field-ionization cut-off caused by the experimental condi¬ 
tions has been modeled. The straight field ionization cut¬ 
off quantum-number resulting from the simple over-the- 
barrier treatment is n r ~ 17. The detailed field ionization 
model (IMiiller et al.lll98'illSchiDners et al.ll20f)ll) accounts 
for the radiative decay of electrons in high Rydberg states 
on their way from the cooler to the different held ioniza¬ 
tion zones. The model uses hydrogenic decay probabilities 
and held ionization rates in a hydrogenic approach for 
all the individual Stark states developing in the external 
helds. Compared with a simple step function at n c = 17 
the model provides a realistic survival pattern of DR con¬ 
tributions from a band of Rydberg states around n c . From 
the good agreement of the model calculations with the ex¬ 
periment (insets of Fig. Q and [3) we conclude, that held 
ionization is sufficiently well understood in our experimen¬ 
tal setup. 


For the DRF measurements electric helds were intro¬ 
duced in the interaction region with the aid of magnet 
coils mounted inside the main solenoid of the cooler for 
held corrections. The solenoid produced the longitudinal 
held B\\ needed to guide the electrons through the cooler. 
The correction coils usually serve for optimizing the align¬ 
ment of the electron beam with respect to the ion beam. In 
the present experiments they were used to introduce well 
dehned transverse magnetic held components B± which 
transformed to electric helds E± = ViB± in the rest frame 
of an ion moving with velocity Vi. In order to avoid confu¬ 
sion it should be noted that the motional electric held E± 
in the interaction region, which caused the enhancement 
of the DR cross section, was different and spatially well 
separated from the motional electric helds F which caused 
held ionization of recombined ions in high Rydberg states. 
More comprehensive descr iptions of the DRF experi ments 
at cryring were given bv lBohm et al. ( 1200 ll {2002 ). 


The main uncertainties of the measured rate coefficient 
arise from the measurement of the ion current with a cur¬ 
rent transformer (ss 10%) and the uncertainty of the inter¬ 
action length (ss 5%). All uncertainties add up to ±15% 
uncertainty of the absolute rate coefficients obtained with 
the narrow electron energy distribution of the storage-ring 
experiment. 
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3. Results 

Our experimental N V and Ne vm DR rate coefficients 
a(E) are displayed in Fig.^and Fig.0 respectively. They 
contain all ls 2 2pnl resonances associated with 2s —> 2 p 
transitions up to n ~ n c ( n c « 17 for Nv and n c « 28 
for Nevm). For the lowest n, even the l substates are par¬ 
tially resolved. Background subtraction (here radiative re¬ 
combination is regarded as background) was achieved by 
fitting an empirical formula to those parts of the mea- 
sure d spectr a where no DR resonances occurred (Eq. 2 in 
iBolrm et al . <20034 1. 

For the derivation of a meaningful plasma rate coef¬ 
ficient from our experimental data we have to estimate 
how much DR strength was not observable in the exper¬ 
iment due to the field ionization cut-off discussed ab ove. 
Follow ing the procedure described by ISchhroers et alJ 
<2 qo 4 we have extrapolated the measured DR spectrum 
to high-n Rydberg states. We take advantage of the fact 
that for these high Rydberg states, which are to be re¬ 
stored by the extrapolation, simple scaling laws can be 
used to calc ulate the DR cross section. The AUTOSTRUC- 
ture code llBadnelll 1198(^1 is a convenient tool to make 
such an extrapolation. The AUTOSTRUCTURE extrapola¬ 
tion function including Rydberg states up to n = 1000 
(states with n > 1000 do not contribute significantly any¬ 
more) is matched to the high-n Rydberg region of the ex¬ 
perimental spectrum by applying a constant energy shift 
of 0.05 eV towards higher energies and a scaling factor of 
1.15 to the calculated DR cross section for Nv. The re¬ 
sulting function which is based on the AUTOSTRUCTURE 
calculation and which is used for extrapolating the exper¬ 
imental rate coefficients is shown in Fig.^from the region 
just above n = 8 to the high-n Rydberg contributions to¬ 
gether with the experimental data. (It should be noticed 
that we do not intend to compare theory to experiment in 
this context. This will be done later in this paper in con¬ 
nection with the discussion of plasma rate coefficients.) 
For Nevm the matching between experiment and extrap¬ 
olation function was achieved for n > 14 by applying a 
correction factor of 1.63 to the radiative rate of the in¬ 
ner shell transitions 2 pj —> 2 S \/2 and an energy shift of 
0.04 eV towards higher energies. Again, this manipulation 
does not imply an attempt to correct the AUTOSTRUC- 
ture calculation, it is just meant as a way to adjust a 
meaningful function to the experimental data. The func¬ 
tion is then used for the required extrapolation. The result 
obtained for the extrapolation function is shown in Fig. [2] 
While the measured rate coefficients have an uncertainty 
of ±15% the possible error of the extrapolated cross sec¬ 
tions is difficult to quantify. We estimate an uncertainty 
of 25% for the combined error of the resulting plasma rate 
coefficients. 

Plasma rate coefficients have been derived by con- 
voluting the experimental DR cross section cr(E) = 

a(E) x y m e /2E including the high-n extrapolation with 


a Maxwellian electron energy distribution yielding 


a(T e ) = (fc B T e )- 3 / 2 


y/2 m e TT 
dE a(E)E exp (—E/feeTe) 


( 2 ) 


with the plasma electron temperature T e , the electron rest 
mass m e , and Boltzmann’s constant fcs- This procedure is 
applicable as long as the relative energy E is larger than 
the experimental energy spread , i.e., for T e 70 K in the 
present case. 

The experimentally derived DR rate coefficients with 
(thick black line) and without (thick grey line) the ex¬ 
trapolation are shown in Fig. 0 for Nv and in Fig. Q] for 
Ne vm. Above « 20 000 K the rate coefficient for N V and 
Nevm is significantly influenced by the contributions of 
high Rydberg states n > 17 and n > 28, respectively, 
restored by the extrapolation. 

A convenient representation of the plasma DR rate 
coefficient is provided by the following fit formula 


a{T e ) = T e - 3 / 2 Y, d exp (- Ei/k B T e ). (3) 

i 


It has the same functio nal dependence on the plasma elec¬ 
tron temperature as the lBurgess ( 1965 1 formula, where the 
coefficients Ci and Ei are related to oscillator strengths 
and excitation energies, respectively. The results for the 
fit to the experimental N V An = 0 DR rate coefficient 
in a plasma are summarized in Table ^ The fit devi¬ 
ates from the thick full line in Fig. [3] by no more than 
0.2% for T e > 5000 K and by no more than 1% for 
2500 K <T e < 5000 K. Below 2500 K the DR rate coeffi¬ 
cient decreases rapidly and radiative recombination dom¬ 
inates the recombination rate coefficient. The result for 
Nevm is given in Tabled The fit deviates from the thick 
full line in Fig.Q]by no more than 0.3% for T e > 11 000 K 
and by no more than 2% for 3000 K < T e <11000 K. 


4. Comparison with theoretical results 

4 . 1 . N V 


Our experimental N V DR plasma rate coefficient is com¬ 
pared with t heoretical resul ts in Fig. [3] The theoretical 
calculation of lColgan et al . <2004 reproduces the exper¬ 
imental result very well down to about 5000 K. This 
is well below the temperature range where N V is ex¬ 
pected to form in photoionized or in a collisionally ion¬ 
ized plasma. These temperature ranges are also indi¬ 


cated in Fig. [3] They were esti mated from the model 
cal culations ofTK allman fc Bantistal ( 200 ll ) as described 
bv ISchinoers et alJ <201)4 . Also included is the result 
of IColgan et alJ <2004 obtained with the inclusion of 
An = 1 DR which gives a significant contribution above 


50 000 K. 

iMazzotta et alJ (1998) compiled DR rate coefficients 
and condensed this compilation into a set of recom¬ 
mended DR rate coefficients. They adopted the DR calcu- 
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lations of 1 Chert lll99lh for the lithiumlike ions who cal¬ 
culated total DR rate coefficients for 11 ions (Carbon, 

Oxyge n, Neon. Xenon). F or the remaining ions, such 

as N V, iMazzotta et al. ( Il998f) interpolated along the iso- 
electronic sequence. This result is also included in Fig. [21 
It is close to the experimental result ab ove 2 x 1 0 5 K. 
Howev er, it has to be pointed out, that IMazzotta et alJ 
( 1998 1 included An > 1 DR which has not been mea¬ 
sured in the present experiment. At lower temperat ures 
the plasma rate coefficient of IMazzotta, et ah (1 99si) de¬ 
viates strongly from the present experimental result. The 
deviation can be almost removed by excluding the n = 5 
DR resonance from the experimental data as can be seen 
in Fig. |21 This leads us to the conclusion, that the re¬ 
sult of lMazzotta et all lll998lf misses to include the n = 5 
DR resonance located between « 0 — 1.5 eV. The inter¬ 
polation along isoelectronic sequences seems to give suffi¬ 
ciently good results at high temperatures but can deviate 
by orders of magnitude at low temperatures due to the un¬ 
certainty in the inclusion of the lowest-energy resonance 
contributions. The actual positions of resonances at small 
energies strongly influence the plasma rate coefficients at 
low temperatures. 


4.2. Nevm 

The experimental Nevm plasma rate coefficient is com¬ 
pared with t heoret ical results in Fig. 21 The data of 
IColgan et all ( 2004) reproduces the experimental result 
very well over the entire relevant temperature range. Also 
shown in Fig. 21 is the result of IColgaliT et al. fioOdh in¬ 
cluding An = 1 DR which gives a significant contri¬ 
bution above 300 000 K. The recommended rate coeffi¬ 
cient of lMazzotta et all ( 1998 1 reproduces the experimen¬ 
tal d^^weffiberondMO^K. Above 1.2 x 10 6 K the result 
of IMazzotta et all dl998lf is abov e the experimental re- 
sult. This is due to the fact, that IMazzotta, et all (^998) 
included An > 1 DR which has not been measured in 
the present experiment. At temperatures where Nevm is 
expected to form in photoionize d plasmas the recommen¬ 
dation of lMazzotta et al.1 dl998ll deviates from the exper¬ 
imental result by orders of magnitude. A plausible rea¬ 
son for this is again in the sensitivity of low-temperature 
plasma rate coefficients to the exact resonance positions 
at low electron-ion energies. 


4.3. Total recombination rate coefficient 

A unified treatment of total recombination including DR 
and radiative recombinat ion (RR) has been performed by 
iNahar fc Pradhanl (|l997tl . Such a calculation in princi¬ 
ple also accounts for interference between RR and DR. 
In order to compare these data with our experiment (see 
Fi g. El) we have added the theoretical RR rate coefficient 
bv IPeauignot et ah 1 dl 99lh to our experimental DR rate 
coefficient. The maximum deviation of theory from ex¬ 
periment is less than 30%. It is found at temperatures 


near 2 x 10 4 K emphasizing again the crucial role of ex- 
ac t resonance positions at low energies. The calculation 
of lNa,ha,r Rr. Pra,dha,nl ; 199 7) includes An > 1 transitions 
which is the reason for the slight difference between theory 
and experiment at high temperatures. 

Fig-0 shows an enlarged part of the plasma rate coef¬ 
ficient for N V. Addi tional to th e data presented in Fig. 0 
the calculation of lColgan et al.l d2004l) is now included to 
which the RR rate coefficient bv IPeauignot et SiEmU) 
has been added. The agreement with the experiment is 
well inside the experimental uncertainty although this cal¬ 
culation does not include interference effects at all. This 
finding together with the observed agreement between 
the different theoretical app r oaches sugges ts that similar 
to DR of C IV ions dSchiooers et al J [200 lli and Ovi ions 
dRohm et j 32QQ3tl) interference effects do not play a sig¬ 
nificant role in the recombination of N V ions, either. 


5. Field effects 


The DR rate coefficient can be strongly influenced by the 
presence of electromagnetic fields. On the one hand elec¬ 
tric fields ionize electrons in high Rydberg states which 
reduces the recombination rate coefficient. On the other 
hand electric fields mix (-substates an d thereby incr ease 
the recombination rate coefficient d.Tacohs et ahllu)76 '). 

In our experimental setup there is always an addi¬ 
tional magnetic field perpendicular to the electric field in 
the interaction region whic h further infl uences the recom¬ 
bination rate coeffi cient ( Rohicheanx fc ■Pi.Q,dzQ.lal Il99/i 
iHa/rtsch et a,1.111999 1 but has not been considered in the 
theoretical investigations addressing the ions discussed in 
this paper. 

The present study of field effects on DR is relevant 
to low density plasmas subject to large external fields 
e. g. solar flares. The other major concern in connection 
with the role of fields on DR in plasmas is that of the 
intrinsic plasma microfield. Here the effect is density de¬ 
pendent; at high plasma densities the rate enhancement 
due to field mixing is reduced by continuum lowering, 
i. e., by collisions driving high-n states into local thermal 
equilibrium (LTE). Such conditions suppress the high-n 
stat es, that wo uld otherwise contribute to enhanced DR 
(see iBadnell et al.lil993lh Generally as the uncertainties in 
the basic atomic structure decrease the error in neglecting 
field effects becomes more significant. 

Nevm DR spectra are shown in Fig.[H]for the field free 
case and for the case of an externally applied electric field 
of 1300 V/cm. In both cases the longitudinal magnetic 
guiding field was 180 mT. The large increase of the re¬ 
combination rate coefficient for high Rydberg states is due 
to the electric field present in the interaction region which 
is perpendicular to the longitudinal magnetic guiding field 
and the ions’ direction of flight. The cut-off quantum num¬ 
ber n c is the same for both spectra ( n c = 28). The ob¬ 
served enhancement is a factor of 2. Unfortunately the 
number of Rydberg states which could be measured was 
limited by field ionization as described in Sec. 21 An ex- 
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trapolation of the measured rate coefficient in the presence 
of electromagnetic fields is not possi b le at this time since 
the most advanced calculations llGriffin et al.lll998albll re¬ 
produce the experimental result only qualitatively. For 
higher Rydberg states the enhancement due to electro¬ 
magnetic fields in the interaction regio n grows as has been 
show n by n-differential measurements dBohm et all2003al 
2002 1. The enhancement of the DR rate coefficient due to 
pure electric fields of Nevm has been calcul ated for in¬ 
divid ual Rydberg states from n = 10 — 40 ( Griffin et a'.. 
Il998all . For an electric field of 100 V/cm the enhancement 
factor increases from ss 1 at n = 10 to « 5 at n = 40. 
This shows that under certain circumstances it is essen¬ 
tial to account for the effect of electromagnetic fields on 
the DR rate coefficient. The experimental plasma rate co¬ 
efficient with and without fields for Nevm is shown in 
Fig. |21 Here the maximum enhancement observed is 60% 
at an electric field of E = 1300 V/cm and a magnetic 
field of B = 180 mT. The cut-off quantum number was 
n c = 28. The measured enhancement of 60% is already 
well beyond the deviation of experiment and theoretical 
calculations as described above. 


6. Conclusions 

The An = 0 DR rate coefficients of N V and Ne VIII 
have been measured for n < 17 and n < 28, respec¬ 
tively. After extrapolation to n = 1000, An = 0 DR 
plasma rate coefficients were obtained from the data. The 
results were compared wi t h the oretic al plasma rate co¬ 
efficien ts of IColga.n et al.l ll2004fl and iNa.har fc Pradhar] 
ill 997ll as well as with th e recommended rate coefficient 
bv IlVlazzotta et ~aTI ill 99Sil . The results of Colgan et al. re¬ 
produce the experimental results very well for both ions 
even at low temperatures. The data recommended by 
Mazzotta et al. do not reproduce the experimental results 
for temperatures below 10 6 K. This is a consequence of 
the sensitivity of low-tenrperature plasma rate coefficients 
to the exact posi tion of low ener gy reson ances, which were 
not accessible to lMazzotta et all 1 1998 1. 

The deviation can be almost removed by exclud¬ 
ing the n = 5 DR resonance from the experimental 
data. This lead s us to the conclusion, that the result of 
iMazzotta et al ] (Il998h misses to include the n = 5 DR 
resonance located between « 0 — 1.5 eV. The interpola¬ 
tion along isoelectronic sequences seems to give sufficiently 
good results at high temperatures but can deviate by or¬ 
ders of magnitude at low temperatures due to the un¬ 
certainty in the inclusion of the lowest-energy resonance 
contributions. 

The influence of electric and magnetic fields on DR has 
been investigated experimentally. A significant enhance¬ 
ment of the DR rate coefficient was observed. A direct 
comparison with existing theoretical data is not possible 
because present-day theory does not include the magnetic 
field which was present in the experiments besides per¬ 
pendicular electric field components. 


Our results bear important implications for the mod¬ 
elling of_cosmic pla smas where external fields are ubiqui¬ 
tous llWidrowll2002lf . In solar flare s, e. g., electric fi elds up 
to 1.3 kV/crn have been observed I Zhang & Smartill986lf . 
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Table 1. Fit parameters of the experimentally inferred 


Nv An = 0 DR rate coefficient using Eq. (0. Units are 
cm 3 s _1 K 1,5 for Cj, and eV for Ei. The systematic error of 
the rate coefficient a(T e ) from Eq. 0 is ±15%. 

i 

Ei 

i.... 

2.410E-3 9.907 

2 .... 

1.710E-3 9.734 

3.... 

2.835E-4 11.11 

4.... 

7.197E-4 9.287 

5.... 

1.356E-4 4.712 

6 .... 

6.171E-5 1.180 

7.... 

2.945E-6 0.2815 

Table 2. Fit parameters of the experimentally inferred 
Nevm An = 0 DR rate coefficient using Eq. 0. Units 

are cm 3 s 1 K 15 for Cj, 

and eV for Ei. The systematic error 

of the rate coefficient 

a(T e ) from Eq. 0 is ±15%. 


i 

a 

Et 

i.... 

5.992E-3 

16.41 

2 .... 

5.492E-3 

14.68 

3.... 

6.338E-4 

6.714 

4.... 

3.394E-4 

2.354 

5.... 

8.214E-6 

1.601 

6 .... 

7.205E-6 

1.584 

7.... 

2.122E-6 

82.86 
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Fig. 1. Experimental zero-field N 4+ DR spectrum for an 
ion energy of 7.5 MeV/u (thin solid line). The resonances 
are due to the excitation of ls 2 2pnl intermediate states 
with n > 5. The thick line beginning at 6 eV (n > 8) 
shows the extrapolation function obtained by adjusting 
an AUTOSTRUCTURE calculation to the experimental high- 
n spectrum. It includes Rydberg states up to n = 1000. 
The inset shows the high energy part of the experimen¬ 
tal spectrum together with the ex trapolation func t ion to 
which the field ionization model of lSchippers et ahl ( 2001 1 
has been applied. 


Fig. 2. Experimental zero-field Ne 7+ DR spectrum for an 
ion energy of 11.4 MeV/u (thin solid line). The resonances 
are due to the excitation of ls 2 2pnl intermediate states 
with n > 7. The thick line beginning at 12.45 eV (n > 
14)shows the extrapolation function obtained by adjusting 
an AUTOSTRUCTURE calculation to the experimental high- 
n spectrum. It includes Rydberg states up to n = 1000. 
The inset shows the high energy part of the experimental 
spectrum together with the extrapolation to which the 
field ionization model of lSchippers et ah ( l200lJf has been 
applied. 
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Temperature (K) 

Fig. 3. The experimental N V An = 0 DR rate coefficient 
in a plasma is shown (thick solid line) with an systematic 
uncertainty of ±15% below 20 000 K and ±25% above. 
The thick grey line represents our measured rate coef¬ 
ficient without the AUTOSTRUCTURE extrapolation (see 
text). The th eoreti cal rate coefficient as calculated by 
IColgan et al . ll2004 is shown for An = 0 DR alone (thin 
solid line) and with inclusion of An = 1 DR (dotted 
line). Also included i s the theoretical rate coefficient of 
iMazzotta et al mm dashed line). 



Fig. 4. The experimental Nevm An = 0 DR rate coef¬ 
ficient in a plasma is shown (thick solid line) with a sys¬ 
tematic uncertainty of ±15% below 40 000 K and ±25% 
above. The thick grey line represents our measured rate co¬ 
efficient without the AUTOSTRUCTURE extrapolation (see 
text). The th eoreti cal rate coefficient as calculated by 
IColgan et al . ll2004l is shown for An = 0 DR alone (thin 
solid line) and with inclusion of An = 1 DR (dotted line). 
Al so included is the theo ry-based rate coefficient inferred 
bv IMazzotta et all ( 1998 1 dashed line). 



Temperature (K) 

Fig. 5. The experimental N V An = 0 DR rate coefficient 
in a plasma (thick solid line) is shown (including the AU- 
TOSTRUCTURE extrapolation) with an systematic uncer¬ 
tainty of ±15% below 20 000 K and ±25% above. The thin 
solid line shows our measured rate coefficient for the n = 5 
DR resonance only. The dashed line shows our measured 
rate coefficient excluding the n = 5 DR res onance. Also in¬ 
cluded is the theoretical rate coefficient of lMazzotta et all 
(I1998L dotted line). 



Fig. 6. Total Nv recombination rate coefficients in a 
plasma: this work (thick full line, systematic error ±15% 
below 20 000 K and ±25% above) and theoretical unified 
calculation of Nahar fc Pradhan (119971 dashed line). Our 
total recombination rate coe fficient is obtained as th e sum 
of the RR rate coefficient of lPeauignot et all ( 1991 . dot¬ 
ted line) and our DR rate coefficient (thin full line). 
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Fig. 7. Total N V recombination rate coefficients in a 
plasma: this work (thick full line, systematic error ±15% 
below 20000 K _and ±25% above), the calculation by 
IColgan et al . ll2004l! (dash-d otted line), an d th e unified 
theoretical calculation of lNahar fc Pradhanl dl997l dashed 
line). The total recombinat ion rate coe ffici ents based on 
the experiment and on the IColgan et al.l ( 2004 1 calcula¬ 
tion are obtai ned by just adding the RR rate coefficient 
as obtained bv IPeauignot et all (1199lL dotted line) to the 
DR data displayed in the previous figures. 



Energy (eV) 

Fig. 8. Ne vm DR spectra are shown for the field free case 
(black solid line) and for the case of an applied electric field 
of 1300 V/cm (thick grey line). The longitudinal guiding 
field was 180 mT in both cases. 



Temperature (K) 

Fig. 9. Experimental Nevm DR plasma rate coefficient 
(ion energy of 11.4 MeV/u; including Rydberg states up 
to n c = 28) for the field free case (solid line) and in the 
presence of an electric field of 1300 V/cm (dashed line). 























